Activation of Ste20 by Nef from Human Immunodeficiency Virus Induces Cytoskeletal Rearrangements and Downstream Effector Functions in Saccharomyces cerevisiae  by Plemenitas, Ana et al.
p
d
s
s
n
l
N
v
e
v
d
(
1
k
p
(
f
A
1
t
i
M
1
1
Virology 258, 271–281 (1999)
Article ID viro.1999.9721, available online at http://www.idealibrary.com onActivation of Ste20 by Nef from Human Immunodeficiency Virus Induces Cytoskeletal
Rearrangements and Downstream Effector Functions in Saccharomyces cerevisiae
Ana Plemenitas,* Xiaobin Lu,† Matthias Geyer,† Peter Veranic,‡ Marie-Noelle Simon,§ and B. Matija Peterlin†,1
*Institute of Biochemistry, Medical Faculty, Vrazov trg2, 1000 Ljubljana, Slovenia; †Howard Hughes Medical Institute, Departments of Medicine,
Microbiology, and Immunology, University of California at San Francisco, San Francisco, California 94143-0703; ‡Institute of Cell Biology,
Medical Faculty, Lipiceva 2, 1000 Ljubljana, Slovenia; and §Observatoire Oceanologique de Banyules-sur-Mer, Laboratoire Arago,
Universite Pierre et Marie Curie, Paris VI-CNRS URA 2156, F-66650 Banyules-sur-Mer, France
Received January 27, 1999; returned to author for revision March 10, 1999; accepted March 19, 1999
The negative factor (Nef) from human and simian immunodeficiency viruses is important for the pathogenesis of acquired
immune deficiency syndrome. Among other targets, it activates the Nef-associated kinase, which is related to the p21-
activated kinase. In this study, we demonstrate that Nef activates Ste20, the homolog of p21-activated kinase in Saccharo-
myces cerevisiae. Nef binds to the adaptor proteins Bem1 and Ste20 via its proline-rich (PXXP) and diarginine (RR) motifs,
respectively. These interactions induce the mitogen-activated protein kinase and increase the rates of budding, sizes of cells,
and patterns of mating projections. These effects of Nef depend on the small GTPase Cdc42 and guanine nucleotide
exchange factor Cdc24. Thus, studies in S. cerevisiae identified specific interactions between Nef and cellular proteins and
their associated signaling cascade. © 1999 Academic Press
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mINTRODUCTION
Besides those encoding Gag, Pol, and Env polyprotein
recursors, the genomes of human and simian immuno-
eficiency viruses (HIV and SIV) code for several acces-
ory proteins. They play important roles in different
tages of the viral life cycle. One of these proteins is the
egative factor (Nef), which is a 27- to 35-kDa myristy-
ated protein (Peterlin, 1996; Trono, 1995; Ratner and
iederman, 1995). Its transcripts account for 85% of all
iral RNA species expressed early in infected cells (Rob-
rt-Guroff et al., 1990). Nef also is incorporated into
irions, where it is processed by the viral protease (Pan-
ori et al., 1996; Schorr et al., 1996; Welker et al., 1996).
Nef plays an important role in viral pathogenesis
Cheng-Mayer et al., 1989; Hanna et al., 1998; Harris,
996; Jamieson et al., 1994; Kestler et al., 1991). In mon-
eys, it is essential for high levels of viremia and the
rogression to acquired immune deficiency syndrome
AIDS) (Kestler et al., 1991). In humans, many viruses
rom infected long-term survivors who do not progress to
IDS harbor deletions in the nef gene (Deacon et al.,
995; Kirchhoff et al., 1995). These effects might reflect
he ability of Nef to increase the production and infectiv-
ty of HIV and SIV (Guatelli, 1997; Wiskerchen and Cheng-
ayer, 1996). Additionally, Nef internalizes CD4 (Lu et al.,
998; Mariani and Skowronski, 1993; Greenberg et al.,
998) and blocks the expression of MHC class I mole-(1 Fax: (415) 502-1901. E-mail: matija@itsa.ucsf.edu.
271ules in infected cells (Collins et al., 1998; Le Gall et al.,
998).
Although molecular mechanisms by which Nef acts
re poorly understood, Nef interacts with numerous pro-
eins involved in cellular trafficking and signal transduc-
ion (Collette et al., 1996; Benichou et al., 1994; Saksela et
l., 1995; Lee et al., 1996; Grzesiek et al., 1996; Arold et
l., 1997; Nunn and Marsh, 1996; Sawai et al., 1996; Lu et
l., 1996). Nef proteins from various HIV and SIV strains
ontain a highly conserved proline-rich (PXXP) motif,
hich is the consensus binding site for Src homology 3
SH3) domains. It interacts with SH3 domains from Hck,
yn, and Lyn (Saksela et al., 1995; Lee et al., 1996;
rzesiek et al., 1996; Arold et al., 1997). Besides activat-
ng Hck, Nef associates with and activates Nef-associ-
ted kinase (NAK), which shares N- and C-terminal
pitopes with p21-activated kinase (PAK) 1 and functions
ike other members of this family (Nunn and Marsh, 1996;
awai et al., 1996; Lu et al., 1996). This activation requires
mall GTPases Cdc42 and Rac1 and induces down-
tream effector functions (Eby et al., 1998).
Ste20, Cla4, and Skm1 are yeast homologs of PAK in
accharomyces cerevisiae (Eby et al., 1998). Like PAK,
te20 is activated by the small GTPase Cdc42 and GEF
dc24 (Lim et al., 1996; Zhao et al., 1995). Ste20 functions
n pheromone signaling and in the regulation of the actin
ytoskeleton. In S. cerevisiae haploid cells, mating is
riggered by the binding of the peptide pheromone to its
eceptor. b(Ste4) and g(Ste18) subunits of the heterotri-
eric G protein then activate a series of protein kinases
Herskowitz, 1995; Peter et al., 1996; Simon et al., 1995).
0042-6822/99 $30.00
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272 PLEMENITAS ET AL.ia its interaction with bg subunits, Ste20 links the G
rotein to the activation of the mitogen-activated protein
inase (MAPK) cascade (Leeuw et al., 1998).
Because PAK is similar to Ste20 and numerous mutant
trains exist in this pathway, we investigated whether
ef can also activate Ste20 and affect its downstream
ffector functions in S. cerevisiae. We found that Nef not
nly binds to and activates Ste20 but also potentiates
heromone signaling and changes patterns of budding
nd mating projections in S. cerevisiae.
RESULTS
ef binds and activates Ste20 in S. cerevisiae
For the purpose of this study, the yeast strains listed in
able 1 were created. The parental strain was 15 Dau
Table 1). 15 Dau (WT) cells are responsive to the a-mat-
ng factor, expresses Ste20, and requires Cdc42p for the
ating pheromone response (Simon et al., 1995).
To determine whether Nef can activate Ste20, we ex-
ressed Nef in 15 Dau cells (Table 1, Nef) and 15 Dau
ells lacking Ste20 (Table 1, DSte20Nef). We examined
he activity of Ste20 in an in vitro kinase assay (Sawai et
l., 1995). Data in Fig. 1A demonstrate that Nef activates
te20. In vitro kinase assays performed on complexes
mmunoprecipitated with aNef or aSte20 antibodies re-
ealed that an endogenous protein of 50 kDa (p50) and
he exogenously added myelin basic protein (MBP) were
hosphorylated in Nef cells (Fig. 1A, lane 2) but not in
Ste20Nef cells (Fig. 1A, lanes 1 and 3). As observed in
T
Strains o
Names of strainsa Re
15 Dau MAT a, bar1, ade1, leu
CDC42V12 15Dau with YcpGal-CDC
CDC42V12Fus CDC42V12 with pRS316(T
CDC42V12NefFus CDC42V12 with pRS316N
CDC42V12NefRR-LLFus CDC42V12 with pRS316N
cdc42-1Fus 15 Dau with cdc42.1, pJ
cdc42-1Fus cdc42.1, Fus with pRD5
cdc42-1NefFus cdc42-1, Fus with pRD5
cdc42-1NefRR-LLFus cdc42-1, Fus with pRD5
Nef 15Dau with pRD53Nef (
NefRR-LL 15Dau with pRD53NefRR
NefFus 15Dau with pRD53Nef (
NefRR-LLFus 15Dau with pRD53Nef RR
DSte20 15DauSte20 : : (URA3)
DSte20Nef 15DauSte20 : : (URA3) an
WT 15Dau with pRD53 (URA
WTFus 15Dau with pRD53 (URA
a All strains of S. cerevisiae were in the 15 Dau background.
b Relevant genotypes refer back to 15 Dau in Row 1.
c References for descriptions of strains used in this study.ammalian cells (Eby et al., 1998), the same phosphor- 1lated proteins were coimmunoprecipitated with aNef
nd aSte20 antibodies (Fig. 1A, compare lanes 2 and 5).
BP has been used as the preferred substrate to test the
ctivity of Ste20 (Simon et al., 1995). The expression of
ef in yeast cells was confirmed by Western blotting of
ell lysates with the aNef antibody (Fig. 1A, bottom, lanes
, 3, and 5). Thus Nef activates Ste20 and not Cla4 or
km1 in S. cerevisiae.
To examine whether Nef can interact with Ste20,
Ste20 immunoprecipitations were also examined by
estern blotting with the aNef antibody. As presented in
ig. 1B, a specific band was observed in aSte20 immu-
oprecipitations from Nef cells (Fig. 1B, bottom, lane 2)
ut not from WT cells (Fig. 1B, bottom, lane 1).
In mammalian cells, Nef bearing point mutations
f two arginines at positions 109 and 110 to leucines
NefRR-LL) does not associate with and activate NAK
Sawai et al., 1995; Nunn and Marsh, 1996). To examine
hether this is also the case in yeast cells, we ex-
ressed the mutant NefRR-LL protein in 15 Dau cells (Table
, NefRR-LL). Although we could detect the phosphorylated
50 in Nef cells (Fig. 1B, top, lane 2), no such phosphor-
lation was detected in NefRR-LL cells (Fig. 1B, top, lane 3).
lthough both proteins were expressed (Fig. 1B, middle,
anes 2 and 3), the mutant NefRR-LL protein could not be
etected by Western blotting of aSte20 immunoprecipi-
ations with the aNef antibody (Fig. 1B, bottom, lane 3).
e conclude that the interaction between Nef and Ste20
s specific and requires the diarginine motif at positions
revisiae
genotypeb Sourcec
trp1, his2 delta ura3 [40]
EU2) [40]
d YcpFUS1-LacZ(URA3) This study
) This study
(TRP) This study
S1-lacZ(LEU2) This study
3) This study
RA3) This study
-LL (URA3) This study
This study
3) This study
and pJB207FUS1-lacZ(LEU2) This study
3) and pJB207FUS1-lacZ (LEU2) This study
[40]
16Nef (TRP) This study
This study
pJB207FUS1-lacZ(LEU2) This studyABLE 1
f S. ce
levant
2-3, 112
42V12(L
RP) an
ef (TRP
ef RR-LL
B207FU
3 (URA
3Nef (U
3Nef RR
URA3)
-LL (URA
URA3)
-LL (URA
d pRS3
3)
3) and09 and 110 in Nef.
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273ACTIVATION OF Ste20 IN S. cerevisiaeef binds to Ste20 and Bem1
To further investigate this interaction, we performed
irect binding assays between the hybrid GST-Ste20
rotein bound to glutathione–Sepharose beads and pu-
ified Nef or mutant NefRR-LL proteins in vitro. Nef was
etected by Western blotting of associated proteins only
hen it was incubated with the chimera (Fig. 2A, lane 2),
ot when it was incubated with GST beads alone (Fig.
A, lane 1). Moreover, the mutant NefRR-LL protein did not
nteract with Ste20 (Fig. 2A, lane 3). These results prove
hat Nef binds directly to Ste20.
In mammalian cells, the binding of the proline-rich
omain in Nef to the C-terminal SH3 domain in Vav,
FIG. 1. Interactions between Nef and Ste20 in S. cerevisiae. (A) Nef
ctivates Ste20 in S. cerevisiae. Presented are in vitro kinase assays
IVKA) and Western blots from 15 Dau cells that expressed the empty
lasmid vector (WT) or Nef (Nef) and cells lacking Ste20, which ex-
ressed Nef (DSte20Nef). Lanes 1–3 contain proteins that were immu-
oprecipitated (IP) with the aNef antibody (aNef). Lanes 4 and 5
ontain proteins that were immunoprecipitated with the aSte20 anti-
ody (aSte20). Names of yeast strains are given above the lanes (see
lso Table 1). p50 refers to an endogenous phosphorylated protein
lanes 2 and 5). Myelin basic protein (MBP) was added as an exoge-
ous substrate to in vitro kinase reactions (middle, lanes 1–5). The
xpression of Nef was monitored by Western blotting of cellular lysates
ith the aNef antibody (bottom, Nef). (B) Nef associates with Ste20 in
. cerevisiae. Presented are IVKA and Western blots as in A. Cells that
xpressed the mutant NefRR-LL protein are presented in lane 3 (NefRR-LL).
ames of yeast strains are given above the lanes. (Middle) Cellular
ysates probed with the aNef antibody (Western blot-cell lysate). (Bot-
om) Proteins that were immunoprecipitated with the aSte20 antibody
nd probed with the aNef antibody (Western blot-aSte20IP).hich is a GEF for Cdc42, is critical for the activation of dAK (Fackler, et al., 1999). In S. cerevisiae, Bem1, which
olocalizes with Ste20 at the bud site, contains two SH3
omains and binds to Cdc24, Cdc42, and Ste20 (Cabib et
l., 1998; Pringle et al., 1994). Its function may be to
olocalize these components to the preselected bud site
Cabib et al., 1998; Pringle et al., 1994). Because Bem1 is
n adaptor protein and Cdc24 is a GEF, these two pro-
eins together could represent the yeast equivalent of
FIG. 2. Nef binds to Ste20 and Bem1 in vitro. (A) Nef binds to Ste20
nd Bem1 cooperatively, and the diarginine motif in Nef is required for
he interaction between Nef and Ste20. Presented are pull-down ex-
eriments using glutathione sepharose beads (GST) alone (lane 1) or
he immobilized hybrid GST-Ste20 protein (Ste20) incubated with Nef
Nef, lane 2), mutant NefRR-LL protein (NefRR-LL, lane 3), Nef and 6xHis-
em1 proteins (Bem1, lane 4), and Nef and the 20-amino-acid proline-
ich oligopeptide from Nef of SIV (PXXP, lane 5). The presence of
pecific proteins in these reactions is denoted by the plus sign above
he Western blot. “Pull-down” refers to proteins retained by the immo-
ilized hybrid GST-Ste20 protein that were detected with the aNef
ntibody. The input GST-Ste20 proteins used in these pull-down exper-
ments are presented in the bottom panel (Input). (B) The proline-rich
omain in Nef is required for the binding of Nef to Bem1. Presented are
ull-down experiments using Ni-NTA agarose beads alone (lane 1) or
he immobilized hybrid 6xHisBem1 protein incubated with Nef (lane 2),
utant NefRR-LL protein (lane 3), and Nef together with the proline-rich
PXXP) oligopeptide (lane 4). The presence of specific proteins in these
eactions is denoted by a plus sign. The Western blot contains Nef
roteins, which were retained by the immobilized hybrid 6xHisBem1
rotein. (Right) Bacterial lysate from E. coli, which expressed the hybrid
xHisBem1 protein (lysate), and the hybrid 6xHisBem1 protein, which
as purified with Ni-NTA–agarose beads (beads) and used in pull-
own assays (Input). The chimera measures 47 kDa.
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274 PLEMENITAS ET AL.av. We tested whether Nef can interact with Bem1. For
his purpose, we used the 6xHis-Bem1 fusion protein
ttached to Ni-NTA agarose beads and purified Nef or
utant NefRR-LL proteins in our binding assay. Nef and
utant NefRR-LL proteins were detected by Western blot-
ing of proteins associated with the aNef antibody (Fig.
B, lanes 2 and 3). In sharp contrast to the interaction
etween Nef and Ste20, the diarginine motif was not
equired for the binding of Nef to Bem1. On the other
and, this binding was abolished with the addition of an
ligopeptide containing 20 residues centered on the
roline-rich motif in Nef from SIV (Fig. 2B, lane 4). A
imilar oligopeptide in which the prolines were changed
o alanines did not compete for this binding (data not
resented). Moreover, this PXXP oligopeptide did not
ompete for the binding of Nef to Ste20 under the same
ondition (Fig. 2A, lane 5). We conclude that Nef binds to
em1 and Ste20 via its proline-rich and diarginine motifs,
espectively.
Because different surfaces of Nef bind to Bem1 and
te20, we also examined whether they bind to each
ther cooperatively. Purified Nef, 6xHis-Bem1, and GST-
te20 fusion proteins were used in our binding assay.
ndeed, Western blotting of proteins associated with Nef
evealed that Bem1 increased the binding of Nef to Ste20
Fig. 2A, lane 4). We conclude that interactions among
he Nef, Bem1, and Ste20 are specific, that Bem1 and
te20 bind to different surfaces on Nef, and that Bem1
ncreases the binding of Nef to Ste20.
The binding of the SH3 domain from Hck and Fyn to
he proline-rich sequence in Nef has been studied ex-
ensively (Lee et al., 1996; Grzesiek et al., 1996; Arold et
l., 1997). We wanted to compare sequences of these
H3 domains with those in Bem1. The analysis of hydro-
hobic interactions, formation of hydrogen bonds, and
alt bridges identified 11 residues in the SH3 domain in
yn that bind to Nef (Arold et al., 1997). Of the 11 key
ontact residues for the interaction between Nef and the
H3 domain in Fyn, 6 and 4 residues are shared between
yn and N- and C-terminal SH3 domains in Bem1, re-
pectively (Fig. 3). However, in the C-terminal SH3 do-
ain in Bem1, the tyrosine at position 211 is substituted
FIG. 3. The alignment of sequences from SH3 domains in Bem1, Fyn
re given. Structural elements are represented diagrammatically above
y wide arrows, and the a-helix is represented by the loop. Eleven resi
oxes. Six and four of these residues are conserved in the N- and C-t
n Hck, and 125 in Bem1 is substituted by the phenylalanine at position
yrosine in the SH3 domain in Vav abolished the interactions betweeny phenylalanine. The substitution of the equivalent ty- tosine in the C-terminal SH3 domain in Vav abolished the
nteraction between Nef and Vav (Fackler et al., 1999).
dditionally, the C-terminal domain in Bem1 has been
uggested to bind to Ste20 (Leeuw et al., 1998). Thus
em1 most likely binds to the proline-rich motif in Nef via
ts N-terminal SH3 domain.
ef potentiates the pheromone response but does
ot substitute for bg subunits of the G protein
Next we examined downstream effector functions of
ef and Ste20. In the pheromone response, the binding
f the mating factor to its receptor induces the MAPK
ascade and transcriptional activators Fus3, Kss1, and
te12 (Herskowitz, 1995). Ste12 then activates the tran-
cription of FUS1. Cdc42 is involved in this process.
lthough the constitutively active Cdc42 (Cdc42V12) by
tself cannot initiate the pheromone response, the over-
xpression of Cdc42V12 potentiates its effects. For the
heromone response, interactions of bg subunits of the
protein with Ste20 and other proteins are also required
Leeuw et al., 1998).
To examine whether Nef can initiate the pheromone
esponse, we measured the transcriptional activity of the
US1: : lacZ reporter gene in the presence and absence
f Nef (Table 1, NefFus and WTFus). The membrane-
ssociated protein Fus1 is involved in the mating pro-
ess by which two haploid cells fuse to form a diploid
ygote (Dorer et al., 1997). Results of transcriptional ac-
ivities are presented in Table 2. They demonstrate that
ef does not increase the transcription of FUS1 by itself
r when coexpressed with Cdc42V12 if the a-mating factor
s absent. The activity of b-galactosidase expressed from
US1: : lacZ in NefFus cells was only slightly higher than
hat in WTFus cells (Table 2, columns b–e). As a positive
ontrol, the a-mating factor increased transcription of
US1 by 55-fold in WTFus cells (Table 2, column f). We
onclude that the activation of Ste20 by Nef or the coex-
ression of Nef with Cdc42V12 is not sufficient to trigger
he pheromone response in the absence of the a-mating
actor. Thus Nef does not substitute for bg subunits of
ck Complete SH3 domains in Fyn, Hck, and N- and C-termini of Bem1
acid sequences of different SH3 domains. The b-sheets are presented
om the SH3 domain in Fyn that contact Nef are presented inside gray
l SH3 domains in Bem1. The key tyrosine at positions 137 in Fyn, 131
he C-terminal SH3 domain in Bem 1. The substitution of the equivalent
d Vav (Fackler et al., 1999)., and H
amino
dues fr
ermina
210 in the G protein.
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275ACTIVATION OF Ste20 IN S. cerevisiaeef acts similarly to Cdc42V12
Because Nef could not initiate the pheromone re-
ponse, we examined the ability of Nef to potentiate
ffects of the a-mating factor. Indeed, as presented in
ig. 4, Nef increased the transcription of Fus1 in the
resence of the a-mating factor equivalently to Cdc42V12
Fig. 4, filled and shaded bars). No change was observed
n NefRR-LL Fus cells (Fig. 4, striped bars). We conclude
hat Nef potentiates the pheromone response and that its
T
Nef Does Not Initiate
Time of
nductiona WTFusb NefFusc
0 0.95 6 0.15 1.04 6 0.20
4 1.80 6 0.20 2.20 6 0.15
a Time of induction: 15 Dau or Cdc42V12 cells were induced at time
alactose. The expression of Nef and Cdc42V12 was under the control
b WTFus: control 15 Dau cells which expressed only Fus1.
c NefFus: 15 Dau cells which expressed Nef and Fus1.
d Cdc42V12Fus:15 Dau which expressed Cdc42V12 and Fus1.
e Cdc42V12NefFus:15 Dau which expressed Cdc42V12, Nef and Fus1.
f WTFus 1 pheromone: WTFus cells which were incubated in the g
* Precise yeast genotypes are given in Table 1. Numbers indicate va
ean from three independent experiments performed in duplicate.
FIG. 4. Nef and Cdc42V12 increase the transcription of FUS1 equiva-
ently. The activity of b-galactosidase expressed from the FUS1 : : lacZ
eporter gene was measured in WTFus1 cells, which contained pRD53
control vector plasmid) (WTFus1, open bars) and those expressing Nef
NefFus1, filled bars) and mutant NefRR-LL (NefRR-LLFus1, striped bars)
roteins. As the positive control, we expressed Cdc42V12 (Cdc42V12Fus1,
haded bars). Cells were induced with galactose for 4 h in the pres-
nce of the a-mating factor. Samples were taken at times zero and after
and 4 h of induction. Results are representative of three individual
xperiments with standard errors of the mean denoted by error bars.
mars indicate the activity of b-galactosidase expressed in Miller units.ffects resemble those of Cdc42V12. Next we determined
he level at which Nef acts. Nef could behave as a GEF
r a small GTPase, or it could organize the signaling
omplex at the membrane. First, we examined whether
ef could substitute for Cdc24. We determined that Nef
ould not rescue the growth of temperature-sensitive
utant Cdc24 cells (cdc24-1) (data not presented). Next
e tested whether Nef could synergize with Cdc42V12;
owever, no increased b-galactosidase activity was ob-
erved in Cdc42V12 Nef cells (data not presented). To
etermine whether Cdc42 was required, we used tem-
erature-sensitive Cdc42 cells (cdc42-1). When Nef was
xpressed in these cells (Table 1, cdc42-1Nef), 44% in-
reased activity of b-galactosidase was observed at the
ermissive temperature (24°C), which is comparable to
he effects of Nef in NefFus cells (Table 3, columns g and
). In sharp contrast, Nef did not increase transcription of
US1 in cdc42-1Nef cells at the restrictive temperature
36°C) (Table 3, column e). Thus Cdc24, and Cdc42 are
equired for the effects of Nef on the pheromone re-
ponse. Because Nef does not synergize with Cdc42V12,
e conclude that Nef acts upstream of Cdc42.
ef affects patterns of budding and mating
rojections
Intrinsic spatial cues induce buds, and extrinsic cues
enerated by the pheromone gradient form mating pro-
ections in S. cerevisiae. The emergence of buds results
rom the assembly of cytoskeletal elements at discrete
egions of the plasma membrane where clusters of cor-
ical actin patches are observed. Numerous cellular pro-
eins are involved in these processes, including Bem1,
dc24, Cdc42, and Ste20 (Eby et al., 1998; Cabib et al.,
998; Pringle et al., 1994). Because Nef binds to Bem1
nd Ste20 and activates Ste20 and because these pro-
eins play important roles in cytoskeletal changes, we
xamined effects of Nef on the formation of buds and
eromone Response*
Cdc42V12Fusd Cdc42V12Nefe
WTFus 1
pheromone f
1.25 6 0.20 1.30 6 0.30 0.95 6 0.15
2.20 6 0.40 2.40 6 0.30 55 6 3.0
nd samples were taken at time zero and 4 h after the induction with
galactose promoter.
e medium in the presence of the a-mating factor.
f b-galactosidase activities in Miller units with standard errors of theABLE 2
the Ph
zero a
of the
alactos
lues oating projections.
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276 PLEMENITAS ET AL.First, the proportion of budded cells was determined in
he presence of Nef or mutant NefRR-LL proteins. The
roportion of budded cells increased from 28% to 82%
fter the induction with galactose, which controlled the
xpression of Nef (Table 4, column c). This increase was
2% higher than that observed in wild-type (WT) cells or
efRR-LL cells (Table 4, column b). Cdc42V12Fus cells had
he same phenotype as NefFus cells (Table 4, column d).
similar increase in the number of cortical actin patches
as observed in NefFus and Cdc42V12Fus cells (data not
resented). We conclude that Nef and Cdc42V12 lead to
quivalent effects on the actin cytoskeleton.
We also investigated the effects of Nef on the forma-
ion of mating projections. Nef cells were incubated with
he a-mating factor for 6 h, stained for actin, and exam-
ned by fluorescent microscopy. As presented in Fig. 5,
ef increased the size, number, and extent of mating
rojections. These findings are quantified in Table 5. We
T
Increased Transcription of
emperaturea WTFusb NefFusc cdc42-1
24 73 6 6 105 6 7 9 6
36 34 6 4 48 6 4 3 6
a Temperature (°C): 15 Dau or temperature sensitive cdc42-1 cells we
or 4 h at permissive (24°C) or nonpermissive (36°C) temperature.
b WTFus: control 15 Dau cells which expressed only Fus1.
c NefFus: 15 Dau cells which expressed Nef and Fus1.
d cdc42-1Fus: cdc42-1 cells which expressed Fus1.
e cdc42-1NefFus: cdc42-1 cells which expressed Nef and Fus1.
f NefFus/WTFus: Fold-activation in NefFus cellsc over control 15 Dau
g cdc42-1NefFus/cdc42-1Fus: Fold-activation in cdc42-1NefFuse cell
* Precise yeast genotypes are given in Table 1. Numbers indicate va
ean from three independent experiments performed in duplicate.
T
Nef Increases the Proportion
Time of
nductiona WTFusb NefFusc Cdc42V12Fusd
0 23 6 2 28 6 3 30 6 3
4 54 6 3 82 6 6 87 6 4
a Time of induction: 15 Dau cells were induced at time zero and sam
b WTFus: control 15 Dau cells which expressed only Fus1.
c NefFus: 15 Dau cells which expressed Nef and Fus1.
d Cdc42V12Fus:15 Dau cells which expressed Cdc42V12 and Fus1.
e NefRR-LLFus: 15 Dau cells which expressed NefRR-LL and Fus1.
f NefFus/WTFus: Fold-increase of NefFus cellsc over control 15 Dau
g NefRR-LLFus/WTFus: Fold-increase of NefRR-LLFuse cells over control
h Cdc42V12Fus/WTFus: Fold-increase of Cdc42VI2 d cells over control 1
* Precise yeast genotypes are given in Table 1. Numbers indicate percells. Standard errors of the mean from three independent experiments are gonclude that Nef potentiates the pheromone response
nd induces cytoskeletal rearrangements. The effects of
ef are more pronounced in the presence of the a-mat-
ng factor.
DISCUSSION
By demonstrating that the interaction between Nef and
te20 resulted in the activation of the MAPK cascade in
. cerevisae, we extend the observation that Nef proteins
rom HIV and SIV associate with and activate NAK in
rimate cells (Nunn and Marsh, 1996; Sawai et al., 1996;
u et al., 1996). First, Nef bound and activated Ste20. In
ontrast to mammalian cells, in which specific PAK that
inds to Nef has not yet been identified, Ste20 bound to
ef in vivo and in vitro. This binding required the diargi-
ine motif in Nef. Nef also bound to Bem1 via its proline-
ich sequence. Different surfaces made contact with the
y Nef Depends on Cdc42*
cdc42-1Nef Fuse
NefFus cdc42-1NefFus
WTFus f cdc42-1Fus1g
13 6 2.5 1.43 1.44
2.5 6 0.5 1.42 0.83
bated in the galactose medium in the presence of the a-mating factor
.
cdc42-1Fus cellsd.
f b-galactosidase activities in Miller units with standard errors of the
dded Cells in S. cerevisiae*
efRR-LLFuse
NefFus f Cdc42V12Fusg NefRR-LLFush
WTFus WTFus WTFus
25 6 3 1.21 1.30 1.09
53 6 5 1.52 1.61 0.98
ere taken at time zero and after 4 h of induction with galactose.
cellsb.
cellsb.
of budded cells evaluated from counting 200 asynchronously growingABLE 3
FUS1 b
Fusd
1
1
re incu
cellsb
s over
lues oABLE 4
of Bu
N
ples w
cellsb.
15 Dau
5 Dau
entageiven.
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277ACTIVATION OF Ste20 IN S. cerevisiaedaptor (Bem1) and the kinase (Ste20), and interactions
mong these three proteins were cooperative. Second,
ef increased the transcription of FUS1 analogously to
dc42V12. Cdc24 and Cdc42 were required for these
ffects. Finally, Nef increased the size, rates of budding,
nd pattern of mating projections in S. cerevisae. We
onclude that the effects of Nef on the transcription of
arget genes and cytoskeletal rearrangements are con-
erved from yeast to primate cells.
FIG. 5. Nef affects the pattern of mating projections in S. cerevisiae.
r NefRR-LL cells (C) were incubated with the a-mating factor for 6 h and s
icroscopy.
TABLE 5
Nef Affects Numbers and Patterns of Mating Projections
in S. cerevisiae
Cellsa
Cells
evaluatedb
Cells with mating
projections .1c
Cells with mating
projections .1d
T 200 62 6 10 31
ef 200 152 6 12 76
efRR-LL 200 50 6 8 25
a Cells expressed indicated proteins. WT, cells transformed with the
lasmid vector (pRD53) alone; Nef, cells expressing Nef; NefRR-LL, cells
xpressing the mutant NefRR-LL protein.
b Total number of transformed cells examined 6 h after the addition
f the a-mating factor.
c Number of transformed cells, which were stained with TRITC-
halloidin that contained more than one mating projection per cell.
alues represent absolute numbers and standard errors of the mean
rom three independent experiments.
d Proportion of cells with mating projections greater than 1 fromcSverb.In mammalian cells, the activation of Vav by Nef in-
uces the JNK/SAPK cascade (Fackler et al., 1999). Sim-
larly, the MAPK cascade is activated by Nef in S. cerevi-
iae. Because Nef could not substitute for bg subunits of
he G protein and because Cdc24 was required, Nef
ust access this signaling cascade via a distinct mech-
nism. Most likely, its binding to Bem1 and Ste20 orga-
izes Cdc24 and Cdc42 in a multiprotein complex. Be-
ause Nef is myristylated, its localization to cellular
embranes could also activate Cdc24, Cdc42, and
te20. In this scenario, Bem1 and Cdc24 represent the
east equivalents of Vav. Moreover, activated Ste20 re-
ains associated with Nef so it can affect proteins in the
icinity of the complex. Additional support for this notion
omes from experiments in which Cdc42V12 could sub-
titute for the function of Nef. Moreover, Cdc24 and
dc42 were essential for this activation. Downstream
ffector functions also appear to be conserved. Although
ef activates the JNK/SAPK cascade and transcription
rom the HIV-1 long terminal repeat and serum response
lements in primate cells (Lu et al., 1996; Fackler et al.,
999), it activates the transcription of Fus1 in S. cerevi-
iae.
The interaction between Nef and Vav profoundly af-
ected the cytoskeleton of NIH 3T3 cells (Fackler et al.,
999), The loss of stress fibers was followed by the
ormation of filopodia and lamellopodia, leading to hair-
ike projections we call “trichopodia.” The microinjection
f both proteins was required to observe these effects. In
cells transformed with the plasmid vector only (WT) (A), Nef cells (B),
ith TRITC-phalloidin. Actin-stained cells were observed by fluorescent15 Dau
tained w. cerevisiae, similar cytoskeletal rearrangements were
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278 PLEMENITAS ET AL.bserved. Although Nef could not initiate the budding
rocess by itself, a greater number of cortical actin
atches and budded cells were observed in the pres-
nce of Nef. Likewise, Nef potentiated effects of the
-mating factor by increasing numbers, sizes, and ex-
ents of mating projections. It is possible that if higher
mounts of Nef could have been achieved, Nef would
ave caused more profound changes in the actin cy-
oskeleton in yeast. Alternatively, other viral components
ubstitute for the function of bg subunits of the G protein,
o budding is initiated only during the assembly of new
irions. In any case, these changes in the actin cytoskel-
ton might reflect evolutionarily conserved mechanisms
or the formation of new cells, which generate daughter
ells in yeast and progeny virions in mammalian cells.
FIG. 6. Model for effects of Nef in S. cerevisiae. The myristylated Nef p
o Bem1. Bem1 binds to Cdc24, Cdc42, and Ste20 (Cabib et al., 1998; Pri
te20. Nef binds to Ste20 directly via its diarginine motif. The binding o
n Nef. The activation of Ste20 induces the MAPK cascade and the tran
re reflected in increased rates of budding and changed patterns of mThe following model for effects of Nef in S. cerevi- iiae emerges (Fig. 6). Nef is localized to cellular mem-
ranes via its N-terminal myristylation. Different sur-
aces of Nef bind to Bem1 and Ste20 cooperatively. Nef
hen activates Ste20 via Cdc24 and Cdc42. Both down-
tream effector functions and cytoskeletal rearrange-
ents are observed. Multiple strains of yeast revealed
iochemical and genetic evidence for these interac-
ions and effects; they precisely mirror the phenotype
f Nef in mammalian cells. However, much more is
nown about the process of budding and formation of
aughter cells in S. cerevisiae than in human cells
Herskowitz, 1995; Cabib et al., 1998; Pringle et al.,
994). Thus this simplified system should reveal addi-
ional cellular partners of Nef, facilitate the analysis of
ifferent alleles of Nef, and create targets for the
ssociates with cellular membranes. Via its proline-rich motif, Nef binds
al., 1994). Cdc24 is the GEF for Cdc42, and this small GTPase activates
and Ste20 to Nef is cooperative. This signalling complex is organized
n of Fus1. Additionally, cytoskeletal rearrangements are observed; they
rojections.rotein a
ngle et
f Bem1
scriptionhibition of Nef via pharmacological approaches.
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279ACTIVATION OF Ste20 IN S. cerevisiaeMATERIALS AND METHODS
east strains
Yeast strains are described in Table 1. Standard growth
onditions were used as described by Sherman (1991).
onstruction of plasmids
Nef or mutated nef (NefRR-LL) open reading frames were
mplified by polymerase chain reaction (PCR) using Ex-
and High Fidelity PCR System (Boehringer Mannheim,
annheim, Germany). Purified PCR fragments were sub-
equently cloned at the BamHI–ClaI site of pRD53 or
RS314 with the URA3 selection marker (plasmids were
btained from Matthias Peter and Ira Herskowitz, Univer-
ity of California, San Francisco). The expression of Nef
nd NefRR-LL was under control of the GAL1 promoter.
ransformation of yeast cells
Yeast cells were transformed by the lithium acetate
rocedure according to the manufacturer’s protocol (Al-
ali Cation Yeast Transformation Kit; BIO 101 Inc., La
olla, CA). Plasmid DNA (3 mg) was used for each trans-
ormation. The expression of WT Nef and mutant NefRR-LL
roteins was confirmed by Western blotting. Cell lysates
ere prepared from yeast spheroplasts. Lysis buffer [50
M Tris, 137 mM NaCl, 2 mM EDTA, 10% (v/v) glycerol,
.5% (v/v) Nonidet P-40, 100 mM leupeptin, 2 mg/ml
protinin, and 1 mM PMSF] was added to washed
pheroplasts, and proteins from the lysates were sepa-
ated on 12% SDS–PAGE. Proteins then were transferred
o the membrane and probed with the aNef antibody
obtained from Dr. E. T. Sawai, University of California,
avis).
n vitro kinase assay
Cells that expressed WT Nef and mutant NefRR-LL pro-
eins were grown to mid-log phase at 30°C in the glu-
ose synthetic complete medium with the selection for
RA3; transferred to the inducible medium, which con-
ained 2% galactose; and incubated for 6 h at 30°C. Yeast
pheroplasts were prepared, and spheroplasts were
ysed in lysis buffer [50 mM Tris, 137 mM NaCl, 2 mM
DTA, 10% (v/v) glycerol, 0.5% (v/v) Nonidet P-40, 2 mM
odium orthovanadate, 100 mM leupeptin, 2 mg/ml apro-
inin, and 1 mM PMSF], and proteins were immunopre-
ipitated from the lysate with aNef or aSte20 antibodies
UBI, Lake Placid, NY) by rocking for 2 h at 4°C. Protein
–Sepharose was added and incubated for an additional
0 min. Immunoprecipitations were washed three times
ith the lysis buffer and once with the kinase assay
uffer (50 mM Tris HCl, 100 mM NaCl, 10 mM MgCl2, 1
M MnCl2, and 1% Triton X-100). Pellets were resus-
ended in the kinase assay buffer (50 ml final volume),
nd when indicated, 4 mg of MBP was added to each
ssay. Kinase reactions were initiated with the addition if 20 mCi of [g32P]ATP to each assay and incubated for 10
inutes at room temperature. Reactions were termi-
ated by adding the SDS–PAGE sample buffer, followed
y boiling for 5 min. Proteins were separated by 12%
DS–PAGE, transferred to Immobilon P membrane, and
xposed to x-ray film.
-Galactosidase assay
b-Galactosidase assays were performed as described
reviously (Simon et al., 1995). Cells were grown in
oninducing sucrose medium and transferred to the in-
ucing medium, which contained 2% galactose. Samples
f cell suspension were taken at the times of incubation
n inducing medium as indicated in individual figures and
ables.
rotein expression and purification
Escherichia coli strains bearing plasmid pCWGEX-1,
hich contained full-length kinase inactive STE20 as a
ST fusion with mutation at K649A, was obtained from
r. Cuncle Wu (CNRC-NRC, Canada), and strain TG1
earing plasmid pPB713, which contained BEM1 as a
xHis fusion, was from Dr. Alan Bender (Indiana Univer-
ity, Bloomington, IN). Fresh overnight cultures in LB
edium supplemented with 100 mg/ml ampicillin were
nduced with 0.4 mM isopropyl-b-D-thiogalactoside for
h. Cell pellets were collected via centrifugation and
ashed with ice-cold PBS (pH 7.4, Mg21 and Ca21 free).
ells expressing GST-Ste20 were resuspended in lysis
uffer [50 mM Tris, 137 mM NaCl, 2 mM EDTA, 10% (v/v)
lycerol, 0.5% (v/v) Nonidet P-40, 50 ml of protease in-
ibitor cocktail], and cells expressing 6xHis-Bem 1 were
uspended in 50 mM Tris–HCl, pH 8.0, 300 mM NaCl, 5
M b-mercaptoethanol, and 50 ml of protease inhibitor
ocktail (Sigma Chemical Co., St. Louis, MO) in a volume
hat was 10% of the volume of the original culture. Ly-
ozyme was added to 1 mg/ml, and the mixtures were
ncubated on ice for 30 min. After sonication, the lysates
ere centrifuged at 17,000g for 20 min at 4°C. The su-
ernatants to which Triton X-100 was added to 1% final
oncentration were used for the binding studies (Peter-
on et al., 1994).
Glutathione–agarose beads and Ni-NTA–agarose
eads were equilibrated in binding buffer (respective
ysis buffer containing 1% Triton X-100) and then incu-
ated with cell extracts containing hybrid GST-Ste20 or
xHis-Bem1 proteins for 30 min at 4°C. Beads were then
ashed extensively with the respective binding buffers.
or the purification of the 6xHis-Bem1 fusion protein, the
rotein was eluted from Ni-NTA beads with the elution
uffer (binding buffer containing 250 mM imidazole).
irect protein binding
For the direct protein-binding assay, aliquots contain-
ng 1 mg of purified WT Nef or mutant NefRR-LL proteins
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280 PLEMENITAS ET AL.ere incubated with glutathione–Sepharose 4B beads
ontaining GST-Ste20 with a mutation K649A (kinase
nactive) or with Ni-NTA agarose beads containing 6xHis-
em1 at 4°C for 2 h. After extensive washing with the
espective binding buffers, the samples were boiled for 5
in in SDS sample buffer and subjected to SDS–PAGE.
or the competition analysis, 20-amino-acid-long PXXP
ligopeptide from Nef of SIV (SVRPKVPLRTM-
YKLAIDMS) was incubated with Nef. For the interac-
ions among Nef, Bem1, and Ste20, purified Nef and
ybrid 6xHis-Bem1 proteins were incubated with the
ST-Ste20 fusion protein bound to glutathione–Sepha-
ose 4B beads and analyzed as described.
ctin staining
Exponentionally growing cells were incubated with the
-mating pheromone for 6 h, fixed by the addition of
ormaldehyde to 4% for 1 h, washed twice with PBS, and
esuspended in PBS with 0.2% Triton X-100 for 10 min.
ells were then washed with PBS and distilled water;
fter drying on glass slides, they were incubated with
RITC-phalloidin (1.6 mM) containing 20% methanol for
h (Bell and Safiejko-Mroczka, 1995). After washing with
BS, cells were mounted and observed by fluorescent
icroscopy.
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